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ABSTRACT
Ejector refrigeration is considered as one of the three main ways of refrigeration and air-conditioning to utilize lowgrade energy. Use of pump-less technology to eliminate the mechanical circulating pump of the working fluid from
condenser to generator in ejector refrigeration systems can meet the minimal maintenance requirement and increase
operation lifetime of the system. In this study, a pump-less ejector refrigeration system driven by solar thermal
energy, using R134a as refrigerant is proposed. The prototype is constructed and the performance of the ejector
which will be used in a pump-less system is investigated experimentally. The design condition of the pump-less
ejector refrigeration system is: evaporation temperature of 15 oC, condensation temperature of 45 oC, generation
temperature of 80 oC, and refrigeration capacity of 1.5 kW. The influence of the evaporation temperature,
condensation temperature and generation temperature on the performance of the ejector is studied. Results show that
the performance of the tested ejector is not good, and suggestions for improving the performance of the ejector are
made.

1. INTRODUCTION
Heat powered refrigeration systems are becoming more and more attractive for the efficient use of energy and
could have significant impact on the savings of the electrical energy consumption and hence on the reduction of
pollutant gases. Ejector refrigeration, which is considered as one of the three main ways of refrigeration and airconditioning to utilize low-grade energy, has the advantage of simple design and low cost over the other two ways,
adsorption refrigeration and absorption refrigeration. Since the first steam-jet refrigeration system was designed by
LeBlanc and Parsons in 1901(ASHRAE, 1979), numerous researchers have devoted to the research on such systems,
and many improvements were made. The earliest report on ejector refrigeration using a refrigerant other than water
was carried out by Mizrahi et al. (1957) Ejector refrigeration systems using halocarbon compounds have the
advantage of utilizing low-grade thermal energy at temperatures as low as 60 oC, which is available from a number
of sources, such as solar thermal energy at lower temperatures, waste steam, flue gas, exhaust from automobiles, etc.
Figure 1 shows the schematic diagram of a conventional ejector refrigeration system. As can be seen from Figure 1,
the only rotating component in the conventional ejector refrigeration system is the circulating pump of the working
fluid from the condenser to the generator. Due to the large differential pressure across the pump in the system, the
pump is inefficient and easily broken down, which limits the use of ejector refrigeration system in many
circumstances. To meet the minimal maintenance requirement and the potential for a long life time of operation,
many researchers have contributed to finding the possible solutions to the problem.
Nguyen et al. (2001) developed a pump-less ejector refrigeration system driven by solar thermal energy. Water
was used as refrigerant in the system, which goes back to the generator from the condenser by means of the gravity
force. A prototype was constructed and the experiments were done with the system. The results showed that the
COP can be up to 0.32 with the operation condition: generation temperature of 76.6 oC, evaporation temperature of
1.5 oC, condensation temperature of 26.82 oC, and the cooling capacity of 5.09 kW. The minimum vertical separation
of the condenser to the generator was 7 m mentioned in the paper; the large height of the system restricted the use of
such system in some circumstances. Huang et al. (2006) proposed a novel ejector refrigeration system using multifunction-generator (MFG) to eliminate the mechanical circulating pump. The MFG serves as both a pump and a
vapor generator. The design of the MFG was based on the pressure equilibration between high and low pressures
through heating and cooling process. A prototype using R141b as refrigerant was built and tested, the experimental
results showed that the system was feasible and continuous operation can be obtained by using two MFGs, but the
system in the paper was not optimized and the COP was not high. In the following work, Wang et al. (2009)
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investigated the full-cycle MFG system experimentally. Results showed that the COP can reach 0.225 and cooling
capacity of 0.75 kW at generation temperature 90 oC, condensation temperature 37 oC and evaporation temperature
8.5 oC. Refrigerant R365mfc was also tested with the system, and it can be a replacement for R141b at no payoff of
the system performance as long as the ejector was optimized. Xu et al. (2008) came up with a new ejector
refrigeration system without the mechanical pump and analyzed the system theoretically. The system has two
generators and the continuous operation was achieved by switching the two generators. The theoretical performance
of the new system was compared to that of the conventional system, the former system was more reliable but with
lower COP. Srisastra et al. (2008) proposed a workless-generator-feeding (WGF) system to replace the mechanical
circulating pump, refrigerant in the condenser goes back to the generator by means of the generator pressure and
gravity force. The system using R141b was tested and compared with the conventional system, results showed that
the system was workable and the COP was slightly lower than that of the conventional one, but this system was truly
a heat-powered system.
Since extensive studies related to heat-driven pump (HDP) were carried out, using HDP to replace the
mechanical pump in the ejector refrigeration system could be a feasibility, but as Wang et al. (2009) mentioned that
it is not that convenient to directly use HDP in the ejector refrigeration system to replace the mechanical pump, and
the efficiency of the HDP is low.
The system in the present study will be used to cool the base stations of mobile phones up in the mountains
where the solar energy is quite sufficient and maintenance of the equipments is inconvenient, thus ejector
refrigeration system which is driven by solar thermal energy and without the mechanical pump should be a good
choice. The schematic diagram of the system was shown in Figure 2, and was based on Srisastra’s work (Srisastra
et al., 2008). Flat-plate solar collectors are the most common in use, thus the generation temperature could be
around 80 oC. In the open literatures, some researchers (Cizungu et al., 2001; Zhang et al., 2007; Zheng et al., 2008)
focused their research on the refrigerants used in the ejector refrigeration system, and they pointed out that R134a
was suitable to be used as refrigerant when the generation temperature is from 75 oC to 80 oC, thus R134a which has
a low boiling point (-26.5 oC) and critical temperature (101.1 oC) was selected as refrigerant in the system. A
prototype was constructed, and since the ejector is the key component in the system, the work in this paper was
focused on the ejector performance.
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Figure 1: Schematic diagram of a conventional ejector refrigeration system
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Figure 2: Schematic diagram of a pump-less ejector refrigeration system driven by solar thermal energy

2. EXPERIMENTAL SETUP
2.1 Description of Experimental Setup
Figure 3 shows the experimental setup. The system consists of an evaporator, an ejector, a condenser, an
expansion valve, a reservoir, a circulating pump, a generator, a constant temperature water bath, and some
measuring devices. The water bath was electrically heated and the temperature of the water was controlled by an
automatic temperature controller, with the accuracy of ±1 oC. The condenser in the system was air-cooled, and the
condensation temperature was controlled manually, with the accuracy of ±1 oC.
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Figure 3: Experimental setup
Temperature, pressure and mass flow rate were the main parameters measured during experiments. Copperconstantan thermocouples (T-type) were used to measure the temperatures at the outlet and inlet of ejector,
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condenser, and evaporator. A 4-wire pt100 was used in the constant water bath to measure the water temperature.
All the temperature instruments were calibrated before use. The pressure sensors with different ranges were used to
measure the evaporation pressure, condensation pressure and generation pressure. Mass flow meters were used to
measure the mass flow rate of the primary flow and the secondary flow. The temperature and pressure instruments
were connected to the data logger Agilent 34970A, and the mass flow meters were connected to PC via the RS-485
to RS-232 converter, and the mass flow data were acquired by the data acquisition software explored by Micro
Motion. The details of the instruments used in the testing system were shown in Table 1. Design condition of the
refrigeration system and ejector dimensions were listed in Table 2 and shown in Figure 4, respectively.
Table 1: Instruments used in the testing system
Measuring parameter
Instrument
Unit
Temperature at the outlet and
o
C
T-type thermocouple
inlet of components
o
Temperature of water bath
4-wire Pt100
C
Generation pressure
Pressure sensor
MPa
Evaporation pressure
Pressure sensor
MPa
Condensation pressure
Pressure sensor
MPa
Mass flow rate of primary flow
Mass flow meter
kg/s
Mass flow rate of
Mass flow meter
kg/s
secondary flow
Volume flow of water
Volume flow meter
m3/h

1
2
3
4
5
6
7
8

0-100

±0.1
±0.2%
±0.2%
±0.2%
±0.35%

0-100
0-4
0-1
0-2.5
0-0.04

±0.1%

0-0.01

±1.5%

0.25-2.5

°
40

10°

3°

22°

4.4

2.6

±0.1

49

44

1.56

Range

Table 2: Design condition of the refrigeration system
Temperature (oC)
Pressure (MPa)
Mass flow rate (kg/s)
80
2.63
45
1.16
15
0.49
0.0104

Generator
Condenser
Evaporator

9.5

Accuracy

9.5

No.

9.5

All dimensions in mm.

Figure 4: Ejector dimensions

2.2 Experimental Procedure
Water bath was first electrically heated to a constant temperature with the help of automatic temperature
controller. Then the water pump at the outlet of the water bath was started to pump the hot water to the generator.
R134a in the generator was heated and vaporized; it then went through the primary nozzle. At the outlet of the
nozzle, the flow with low pressure and high velocity entrained the secondary flow from the evaporator. The two
streams mixed at the mixing chamber, and then the mixing stream with uniform velocity and pressure went through
the diffuser to get the pressure recovered. After the stream was fanned out of the ejector, it flew into the condenser
to be cooled down. The generation pressure increased gradually for about an hour until it reached the expected value
and kept constant. Then the condensation temperature was controlled manually to a constant value. After that the
evaporation pressure was controlled by adjusting the expansion valve. The refrigerant R134a was cooled down in
the condenser and separated into two parts. One stream went into the evaporator through the expansion valve and the
other was pumped back to the generator. The experiments were carried out for different generation temperature,
condensation temperature and evaporation temperature. Every time by keeping two of them fixed and changing the
third.
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3. RESULTS AND DISCUSSION
The main task of this work is to study the performance of the ejector which will be used in the pump-less
ejector refrigeration system. Entrainment ratio is the ratio of mass flow rate of the secondary flow to that of the
primary flow, and it is one of the important judgment parameters to the performance of the ejector. Experiments of
the effects of evaporation temperature, condensation temperature, and generation temperature on the entrainment
ratio were conducted. In the experiments, the ranges of the operation conditions were as follows: evaporation
temperature from 10.5 oC to 17.6 oC, condensation temperature from 30.9 oC to 35.7 oC, generation temperature
from 75.1 oC to 80.8 oC。
Figure 5 shows the variation of entrainment ratio with evaporation temperature. The entrainment ratio increases
with the increase of evaporation temperature. For given generation temperature and condensation temperature, the
suction of the secondary flow will be much easier at higher evaporation temperatures, which leads to the result of
increased entrainment ratio.
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Figure 5: Variation of entrainment ratio with evaporation temperature
Figure 6 shows the effect of generation temperature on the entrainment ratio. With the increase of generation
temperature, the entrainment ratio increases initially and then decreases. There exists an optimum entrainment ratio
at about 78 oC in the range of 75 oC to 81 oC. Figure 7 and Figure 8 depict how the primary and secondary mass flow
rate varies with the generation temperature, respectively. The mass flow rate of the primary flow increases linearly
with the generation temperature, and the mass flow rate of the secondary flow increases first and then decreases with
the continues increase of the generation temperature, which leads to the result shown in Figure 6. The increase of
generation temperature results in higher velocity and lower pressure at the outlet of the primary nozzle, thus more
secondary flow can be entrained, after a certain value of the generation temperature the mass flow rate of the
secondary flow starts to fall down, which has something to do with the choking of the secondary flow. In order to
increase the mass flow rate of the secondary flow at higher generation temperature than about 78.8 oC, the diameter
of the constant-area mixing section should be increased.
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Figure 6: Variation of entrainment ratio with generation temperature
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Figure 7: Variation of primary mass flow rate with generation temperature

International Refrigeration and Air Conditioning Conference at Purdue, July 16-19, 2012

81

2412, Page 7
0.0036
0.0035

Tc=33.1℃ ,Te=17.6℃

ms (kg/s)

0.0034
0.0033
0.0032
0.0031
0.003
0.0029
75

76

77

78

79

80

81

Tg (℃)
Figure 8: Variation of secondary mass flow rate with generation temperature
Figure 9 depicts the entrainment ratio variation with the increase of condensation temperature. As is known that
before the condensation temperature reaches the critical condensation temperature, the entrainment ratio remains
constant, after the critical point the entrainment ratio decreases rapidly with the increase of the condensation
temperature. The entrainment ratio with Tg =80.8 oC remains almost constant when Tc=31 oC -35.5 oC, and the
entrainment ratio with Tg =78.8 oC remains constant with Tc=31 oC -33 oC, and starts to fall somewhere between 33
o
C -35.7 oC. A conclusion can be drawn that the critical condensation temperature is higher with higher generation
temperature.
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Figure 9: Variation of entrainment ratio with condensation temperature
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According to the analysis of the experimental results, we can come to the conclusion that the performance of
the tested ejector is not good. The entrainment ratio with the operation conditions in the experiments was in the
range 0.08-0.134, which seems a little bit low, thus some changes should be made to improve the performance of the
ejector.

4. CONCLUSIONS
Experimental investigation of ejector performance was done with the operation conditions: evaporation
temperature from 10.5 oC to 17.6 oC, condensation temperature from 30.9 oC to 35.7 oC, generation temperature
from 75.1 oC to 80.8 oC. The entrainment ratio was around 0.1, which needs to be improved, because ejector
performance plays an important role in the system performance. To fit the design condition Tg =80 oC, the diameter
of the constant-area mixing section should be increased so as to get a higher entrainment ratio at higher generation
temperatures.
Other conclusions can also be drawn from the experimental results:
1) The entrainment ratio increases with the increase of evaporation temperature;
2) The optimum entrainment ratio exists with the increase of generation temperature;
3) The critical condensation temperature is higher with higher generation temperature.

Future Work
Theoretical study of the ejector performance should be done, and the calculated results should be compared to
the experimental data.
Experimental setup improvement should also be made. Since the condenser is air cooled, and the condensation
temperature was controlled manually, it is kind of difficult to keep the condensation temperature to be constant, in
order to reduce the uncertainty of the condensation temperature; water-cooled condenser may be used in future
experiment. More experimental data should be acquired so that the ejector can be better analyzed.

NOMENCLATURE
m mass flow rate (kg/s)
T temperature
(oC)
μ entrainment ratio ( - )

Subscripts
c
e
g
p
s

condenser
evaporator
generator
primary flow
secondary flow
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